Plasmonic nano structures such as wire waveguides or antennas are key building blocks for novel highly integrated photonics. A quantitative understanding of the optical material properties of individual structures on the nanoscale is thus indispensable for predicting and designing the functionality of complex composite elements. In this letter we study propagating surface plasmon polaritons in single silver nanowires isolated from its environment by levitation in a linear Paul trap. Symmetry-breaking effects, e.g., 
to absorption, in particular in metal objects. Here, we follow another approach: levitation by charged particles using the oscillating electric field in a Paul trap.
14 Particles ranging in size from a few micrometers 15 down to single ions 16 can be trapped and investigated for arbitrarily long times. In addition to mere levitation, Paul traps can also be utilized for controlled assembly of composite structures 17 or potentially coupling to quantum emitters such as the nitrogen vacancy center in diamond 15, 18 or graphene.
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In this letter, we employ a Paul trap optimized for studying the optical properties of particles of about a micron in diameter. 17 We focus our study on an accepted model system for plasmonics, i.e. silver nanowires. The optical properties of nanowires and their interaction with light emitters have been extensively studied [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] with wires spin-coated or deposited on substrates observing Fabry-Pérot-like spetral responses. We want to point out though, that different interpretations of these spectral features have been discussed 27 and that most of the papers lack a thorough numerical analysis. Therefore we feel, that a revisit of this topic is overdue. In recent years also trapping of individual nanowires has been performed employing optical traps. For the first time, we are able to investigate silver nano wires freely levitated in a Paul trap. This allows for studies of their optical properties without any supporting structure and in an environment, which can be almost completely controlled. Furthermore, the simple and well-defined geometry of the problem, i.e. a cylinder surrounded by vacuum or air, renders precise, quantitative comparison to analytical and numerical models possible.
This work represents a study of unprecedented coherence, as we are able to correlate clean transmission spectrograms with wire geometry and a simple Fabry-Pérot model.
We use a special configuration of a Paul trap, a linear Paul trap (see Figure 1 (a)), to levitate charged silver nanowires in free space. The trap is integrated in a homemade optical microscope setup, as illustrated in Figure 1 (b), which is used to detect and characterize the trapped particles (more details can be found in the methods section). The geometry of the electrodes restricts the optical access, but with different trap designs, such as a needle trap, it is still possible to use high NA objective lenses. The wire in the trap can be illuminated using a halogen lamp, or alternatively by a supercontinuum source (SCS) shining either along the axis of the linear trap or focused through a microscope objective. Detection is performed through the objective lens by a CCD camera or a spectrometer. See methods section for more details.
Silver nanowires (PlasmaChem) with an average diameter of 100 nm ± 20 nm and lengths of up to 50 µm are dispersed in ethanol and injected into the Paul trap using electrospray ionization. 32 After injection, the axial trapping potential is adjusted by the dc voltages applied to the end-cap electrodes in order to isolate a single nanowire in front of the microscope objective. The trajectory of the confined particle is described by a micromotion driven with the trap frequency and a slower macromotion. The range of these oscillations can be reduced by adjusting the frequency and the amplitude of the ac trap voltage. 15 A limit to stabilization is imposed by geometric imperfections of the trapping field and coupling to micromotion through the nanowires' elongated shape as compared to an object with a point-like mass and charge distribution.
A first optical characterization is carried out for individual silver nanowires trapped in front of the microscope objective. With this illumination, the whole wire can be seen. b, Using white light from the supercontinuum source polarized parallel to the wire strong scattering from the wire's ends is visible. c, White light from the supercontinuum source is focussed onto the lower end of the wire. Besides the large bright spot from the directly reflected light, light also stemming from the distal end of the wire is visible (indicated by an arrow). This is a clear indication of SPPs being guided along the wire and scattered out at the end. The length of the wire is approximately 12 µm.
source with linear polarization oriented parallel to the long wire axis. The two nanowire ends are visible as bright spots. This suggests an explanation by laser light exciting SPPs at the wire's ends, which are guided along the wire and are finally scattered into propagating light at the opposing ends. Between both ends no light is scattered from the wire. This is compatible with SPPs only coupling to propagating light at discontinuities, i.e. the ends of the wire. A direct proof of propagating SPPs in freely suspended silver nanowire is depicted in Figure 2 (c). The laser light from the supercontinuum source is now focused only onto one end of the wire. This can be seen as bright spot at the lower end of the wire. The interference fringes are due to an aperture effect by the trap electrodes. The excited SPPs at the lower end of the wire now propagate over a distance of 12 µm to the upper end. There, they are scattered into propagating light, which can be seen as a bright spot at the upper end of the wire in Figure 2 (c). In contrast, no scattered light can be observed when the laser is focused onto the wire at a position between both ends. 33, 34 The polarization sensitive excitation and propagation is a clear signature for SPPs.
After a first optical characterization of a wire, it can be removed from the trap for a precise analysis of its size and shape. In order to do this in a controlled way, we carefully insert a cleaved optical fiber along the axis at one end of the trap and approach it to the nanowire by a linear stage, as illustrated in Figure 3 (a). When the sign of the nanowire charge, set by the voltage polarity applied to the electrospray injector, is chosen opposite to the surface charges of the cleaved fiber, the nanowire will be attracted by the fiber and can be deposited on its facet. 15 After cleaving, the surface charge of the fiber is usually positive, but it changed by immersing the facet in an ethanol droplet with a high negative voltage from the electrospray injector applied.
After successful landing of a nanowire on the fiber facet the fiber is removed from the trap and installed in an atomic force microscope (AFM). 
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In order to clarify the observation another experiment was performed. The simplicity of the experimental arrangement with a freely suspended wire together with a possibility to precisely measure the wire's size and shape (after deposition) allows for a direct comparison with theory with only two parameters, i.e. the complex effective refractive index n eff of the wire and the reflectivity R of its ends. We perform this analysis in the following.
The roundtrip loss r can be deduced from the relative modulation depth ∆I/I min of the observed spectrum 20 by:
(1)
Here ∆I and I min are the maximum and the minimum intensity at a certain wavelength approximated from neighboring maxima and minima, respectively, and r 2 is the round-trip power attenuation factor, 36 where r can be written as the product of losses due to the reflectivity R and propagation loss A:
To be more precise R is the average reflectivity of both wire ends (R = √ R 1 R 2 ) while α is the attenuation constant with α=4π Im(n eff )/λ 0 with the effective refractive index of the waveguide mode n eff at the vacuum wavelength λ 0 . Already at this point, a relative modulation depth of 0.53 at a wavelength of 685 nm can be derived directly from the measured spectrum in Figure 5 (a), which results in a value of r = 0.11. Similar results are reported for experiments with silver nanowires on substrates.
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In order to decouple R and A as well as to simulate the experimental results we employ a simple Fabry-Pérot model (details see methods section). First, we use a finite element
Maxwell's equations solver in the frequency domain to calculate the modes of an infinitely long wire. In the calculation the nanowire's diameter and its surrounding dielectric environment enter. The first one is precisely known from the AFM measurements, while the second one is trivially air. In order to resemble the real structure, the nanowire is assumed to consist of a silver nanowire with a diameter of d = 113 nm, and a t = 3.5 nm thick shell of PVP that is used to stabilize the wires in solution (see methods section). The calculation yields the (wavelength-dependent) complex effective refractive index n eff . The effective index is then plugged into the formula for the normalized intensity in a Fabry-Pérot resonator:
with the cavity length L (here the length of the wire) and the reflectivity R as defined in equation 2. The intensity I is proportional to the transmission T through the cavity and thus to the measured scattering spectrum. Keep in mind, that n eff is a complex number.
Finally, the calculated spectrum is weighted with the spectrum of the white light source used for excitation. The reflectivity R remains either as a fit parameter or can be calculated accordingly. the measured spectrum, but also the widths are nicely reproduced, indicating that the spectral response of the levitating nanowire can be accurately described and fully understood as a simple single-mode Fabry-Pérot resonator and modeled (quantitatively). We conclude that basically any waveguide-based nanoresonator can thus be described with this most simple approach, which should be especially interesting for hybrid systems as studied for strong coupling or nanolasing.
From the calculated effective refractive index also the group velocity (see Figure 5 can be studied in our experiment. The perfect thermal isolation suggests investigation of heat generation or transport on the nanoscale. 3 Furthermore, hot electrons and plasmonic effects for the enhancement of catalytic reactivity could be studied in a Paul trap. 39 To this end plasmonic particles could be trapped in gases that are reactants of the catalytic reaction under consideration. Chemical products could than be detected with gas sensors or sensitive spectroscopic methods. Since nearly any object dispersed in solution can be trapped in a Paul trap, our experiment opens the way to levitate more 'fragile' objects, such as graphene sheets, flakes of two-dimensional materials or even droplets of liquids or molten metals, the latter being a hardly explored field in plasmonics. 40 Finally, trapped particles can be coupled with other simultaneously trapped objects, such as solid-state quantum emitters 15 in order to explore quantum features of coupled systems. Figure 5 : White-light scattering spectrum of a single trapped nanowire in transmission and theoretical analysis. a, Spectrum of a 12 µm long nanowire measured using the supercontinuum source in transmission geometry. I min and ∆I indicate how the modulation depth is extracted from the spectra. 20 The wire is the same as the one characterized in Figure 3 . b, Calculated spectrum according to a Fabry-Pérot model weighted with the spectrum of the supercontiunuum source (red line) compared to the experimental spectrum from (a) with a correction applied for the stepping artifact around 600 nm (black line). c, Group velocity (normalized to the speed of light in vacuum c) of the SPPs calculated from the measured spectrum following Equation 4 (black dots with the error bars given by the spectral resolution of the spectrometer (0.1 nm)) compared to numerical simulations (red line). d, Propagation length of the SPPs as extracted from the numerical simulation. e, Two-dimensional projection of 3D simulation region and resulting electric field intensity (at a vacuum wavelength of 722.5 nm) when a Gaussian beam is focussed onto the end of the wire. f, Configuration of the simulation scheme. 
Methods

Paul trap
A linear Paul trap with end-cap electrodes is used to levitate the charged particles in the experiment, as described before. 
Optical setup
The trap is integrated in a homemade optical microscope for particle observation. A mi- Figure 1 ). This combination is used to adjust the laser intensity for a chosen linear polarization orientation. A second linear polarizer (Pol. in Figure 1) with orientation orthogonal to the first one can be used to block the excitation light in the detection path.
Numerical Simulations
The plasmonic Fabry-Pérot resonator is modeled with a finite element Maxwell's equations ). In order to compare the calculated values for the group velocity with values derived from the experiment we used the estimation: In addition to the fundamental mode, two degenerated loosely guided modes with n eff ≈ 1 are found. Excitations of these modes were ignored in the analysis as they experience negligible reflection at the end-facets of the nanowire, as was tested in full three-dimensional numerical simulations with the guided modes acting as light source.
The results of the simple Fabry-Pérot model have been checked with an independent simulation approach like the one shown in Figure 5 (e) and (f). In these simulations a full 3D description of the problem was made, using either a dipolar light source or a Gaussian beam (composed by a set of plane waves, yielding a Rayleigh length of 2 µm). The computed field pattern showed standing waves that are in agreement with the predicted plasmon wavelength computed with the propagating mode solver. Further, emission spectra from the distal
